Abstract Simulation of a continuous casting process (CCP) is very important for improving industrial practices, reducing working times, and assuring safety operating conditions. The present work is focused on the development of a computational simulator to calculate and analyze heat removal during continuous casting of steel; routines for reading the geometrical configuration and operating conditions were developed for an easy management. Here, a finite difference method is used to solve the steel thermal behavior using a 2D computational array. Conduction, radiation, and forced convection equations are solved to simulate heat removal according to a steel position along the continuous casting machine. A graphical user interface (GUI) was also developed to display virtual sketches of the casting machines; moreover, computational facilities were programmed to show results such as temperature and solidification profiles. The results are analyzed and validated by comparison with industrial trials; finally, the influence of some industrial parameters such as casting speed and quenching conditions is analyzed to provide some recommendations in order to warrant safety operating conditions. 
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Introduction
The continuous casting process (CCP) is the most popular method to produce big volumes of steel in commercial sections (billets, blooms, and slabs) without interruption. These sections are primary products that are commonly post-manufactured by rolling or forging methods to obtain more specific steel products to be used in the building, automotive, metal-mechanic, and other manufacturing industries. Electric arc furnaces are used to foundry steel scrap, which is initially transported into a ladle for refining. Subsequently, steel is cast in tundishes to be distributed towards the strands; then the liquid steel is cast in the molds. Here, the steel adopts the shape of the sections to be produced. The understanding of heat removal phenomena during CCP is very important for casters and steel industries. The influence of the geometrical configuration and the operating conditions of the continuous casting machine (CCM) must be known to guarantee safety operating conditions and good productivity and quality. Computational simulation has become a useful tool to simulate industrial processes because it is a lowcost method that avoids physical experimentation and moreover allows the inclusion of critical operating conditions without any risk. Early research works about the of CCP [1] [2] [3] [4] [5] [6] were based on models with oversimplified equations for approaching and describing heat removal, due to limited computer capacities. Nowadays, a conventional desktop PC or a laptop can make millions of logical and numerical operations in only a few seconds. The increment on data management and processing added to the improvement on safety and storage data capacities has made possible to solve complex problems. In this way, software improvement and numerical methods have allowed the development of more sophisticated models, more friendly environments for the users, and more efficient computer algorithms.
Previous models [1] [2] [3] [4] [5] [6] considered the discretization of the steel using a 2D approach, simulating only one-fourth of the steel billets and assuming identical heat removal conditions. The number of nodes used to represent the steel was limited, computing time was also expensive, and results might be printed or saved to be plotted or displayed with a post-treatment. These were the initial efforts to use computers for predicting steel thermal behavior using only elementary data and basic simplified numerical methods; although, these models gave good approaches to calculate heat fluxes inside the steel sections. It was necessary to solve more complicated systems for the steel sections due to the different mechanisms involved, such as forced convection and radiation.
Other authors [7] [8] [9] [10] [11] [12] continued developing more sophisticated models. Blase et al. [13] simulated the heat transfer for wires and sections produced by continuous casting. In these cases, the problem can be simplified using 2D or 1D models due to their round geometry and the application of the symmetrical heat removal conditions. Furthermore, other researchers [10] [11] [12] developed equations for describing heat removal on the primary cooling system (the mold) and on the secondary cooling systems (SCS) formed of segments with sprays. Nonetheless, it is complicated to simulate heat removal along the entire process due to different conditions prevailing everywhere in the CCM. Complex coefficients must be defined in the mold, and specific conditions under sprayed and non-sprayed areas must also be established. Therefore, in this work, a finite difference method was used to solve the steel thermal behavior using a 2D computational array; here, conduction, radiation, and forced convection equations were included to calculate the heat removal at every specified steel position along the CCM. Appropriate computational tools for reading data and simulating the industrial process were developed to obtain good approaches quickly and be capable to represent graphically the results of the simulations, rather than straight the usage of simulation software, which requires training and a specific data management, coupled with the requirement on storage data capacities that must be satisfied. Moreover, the physical and chemical influence of the variables involved can be easily identified. In addition, efficient calculation routines which avoid unnecessary operations provide a competitive advantage.
Reading data
Reading data is the first step to simulate an industrial process. Here, computational facilities were programmed to be included in the numerical simulator with appropriate warnings to avoid errors during declaring. Then the user must input the information in the following blocks: The user must select the steel section to be cast: billets, blooms, or slabs. These are the most frequently sections produced by CCP. Then the dimensions of the section and the nodes used for discretization are read. The steel chemical composition is subsequently defined. Here, the mass percent of each element in the steel is read.
The assumptions for the sections to be cast are the following: Consequently, all the elements used for discretization are identical.
The next step is to read the geometrical configuration of the CCM. Here, the radius of the curved zone (r c ), the mold length (l mold ), the strands, and their corresponding casting speed (v s ), including their opening (t o ) and closing times (t c ), are read. The number of segments in the SCS (ns t ) and the number of sprays in each segment (nsp ns ) are also input to get the limits for the loops that will be used to read the operating conditions on every one. Finally, the length of the free zone (l free ) is input. Logical sentences "if" are used to include warnings in order to avoid errors during reading data.
The following are the basic restrictions to read data for any CCM geometrical configuration:
& The minimum number of strands is one. & The mold length cannot be equal or smaller than zero. & The segments in the SCS cannot be equal or smaller than zero. & The curved radius of the CCM cannot be equal or smaller than zero. & A closing time cannot be shorter than an opening time.
If any of these restrictions is validated, the simulator indicates the user to make the corresponding change again. Once the geometrical configuration definition has been finished, a computational sketch of the CCM is then displayed on the screen. The mold and the segments with sprays are placed according to the information read. Then if the user is agreeing, the simulator goes to the next step; otherwise, the user can return and modify the CCM configuration.
The operating conditions must be declared also before starting the simulation. Here, the heat removal conditions are defined as a function of the geometry of the CCM. It is very important to know this information constitutes the boundary condition that will be applied at every moment during simulations. In the mold, the heat removal coefficients for each side of the section are read. Default values are loaded although the user can modify them, according to the heat removal rate applied. Then the operating conditions for the SCS are the next to be defined including the following: All these values are read for each section side and for each segment. Thus, the subindexes, side, spray, and ns, are used to identify the side, spray, and segment, respectively. If one of these values is equal to zero, the simulator assumes that the sprays are unplugged. But if one of these values is defined with a negative value, the system will return an error on the reading data and the user is alerted to modify it accordingly.
In addition, fast definition tools also were developed to make easy to declare or modify every operating condition on every segment or every face.
Discretization
Steel billets and slabs are discretized to be analyzed dividing them into elements. Here, a steel volume is taken as a control volume and discretized as shown in Fig. 1 . Each 3D element will be represented using a 2D data array, since the energy required to heat the steel until the casting temperature. H casting , is just a single numerical value (H casting = H I,J ) and the subindexes I and J are used to indicate the nodal position. Here, Eq. (1) is solved to calculate this energy and the limits of the integrals (T AR1 , T AR3 , T sol , and T liq ) are the transformation temperatures calculated as a function of the steel composition. The equations, used to obtain these temperatures, were those defined by Brimacombe et al. [1, 6] .
Here, W is the element weight calculated using Eq. (2) . The values for the element dimensions Δx, Δy, and Δz are calculated using Eqs. (3) to (5), respectively. Here, lx and ly are the section dimensions and nI and nJ are the nodes used for discretization. The calculation of the dimension (Δz) is obtained as a function of the casting speed on the strand (v strand ) and the calculated step time (Δt), which is previously obtained as a function of the element size and the thermal diffusivity (α) solving Eqs. (6) and (7) .
Δy ¼ ly nJ ð4Þ
The values of the physical properties k and c p used to solve Eq. (1) correspond to the temperature range associated to each of the integrals in Eq. (1) [5, 14] .
The resulted enthalpy-temperature curve obtained is shown in Fig. 2 . Here, the slope changes are presented on the corresponding transformed temperatures [15, 16] . This calculation is done one single time for one single element and assigned to The following numerical code is used to recognize the section faces (lateral surfaces) where heat removal conditions will be applied considering the frontal section face as perpendicular to the casting direction: For the internal face (J = nJ), the loop goes from I = 1 to I = nI.
For the external face (J = 1), the loop goes from I = 1 to I = nI. For the left face (I = 1), the loop goes from J = 1 to J = nJ. For the right face (I = nI), the loop goes from J = 1 to J = nJ.
The inclusion of this procedure is required because quenching conditions can be different on every face as shown in Fig. 3a , b. Different operating conditions can be defined for each face to simulate non-symmetrical heat removal. Furthermore, slabs are large sections with broad and narrow faces that require different heat removal conditions and different spray setups as can be appreciated in these figures. Nevertheless, some CCM configurations for billets casting have been modified to overcome quenching conditions. In this respect, Fig. 4a shows a segment for CCM billet casting with a symmetrical disposal. Here, 11 sprays are placed for each billet side. On the other hand, Fig. 4b shows a nonsymmetrical disposal. In this case, the internal face was considered with a critical reheating and 13 sprays were disposed. Since the algorithm employed solves a 2D array for enthalpy values (H I,J ), the boundary conditions are applied using the corresponding loop for each side. The term "side" refers to a billet lateral face in the present work, and the subindex (side) is used to denote it. Then, the code number refers to the face where the heat removal conditions will be applied.
Heat removal inside the mold
The mold is the primary cooling system. A copper mold is used for steel casting, which has an efficient cooling device. The mold receives the liquid steel cast from the tundish. Here, the steel adopts an overall square shape. The solidification begins and heat removal is critical. Soon after entering into contact with the mold walls, a solid firm shell is formed as a consequence of steel cooling due to the decrement on surface temperature. This shell is a thin wall at the beginning, although its thickness must become strong enough to contain the inside mass of the liquid steel from the billet core.
The calculation of the heat removal inside the mold is a complex problem due to numerous mechanisms and materials involved. As a result, many authors [17] [18] [19] [20] [21] have decided to use a general equation to describe this phenomenon. Equation (8) , defined by Savage and Pritchard [17] , is used to provide an approximation of the heat flux removed, q side , from the billet surface; the values of the coefficients defined by these author are Ao = 2680 and Bo = −335. Nevertheless, the user can modify them for each side. This computational tool was developed because the cooling system in the mold is a water recycled tubing system, placed on the mold external surfaces as shown in Fig. 5a , b. 
The flowchart in Fig. 6 shows the face identification procedure which is used to apply the corresponding heat removal conditions to each billet face. A subroutine for comparison, according to the lateral position, is also included for slab casting cases. A 2D array is used to store the values of heat removal and is called primary cooling system (PCS) storage data for an easy identification.
PCS [side][data]
The values within the first location are used to know the billet side, and data is used to store the value of the coefficients Ao and Bo and the resulting heat flux (q) to be applied. This algorithm was improved from its original version developed by some of the present authors [15] . This new version includes the creation of new reading data tools and the inclusion of more complex comparisons to apply the corresponding heat removal condition to the volume of steel simulated.
Heat removal in the secondary cooling system
The SCS is formed with a group of segments where water sprays are placed along the casting direction. These sprays shoot water jets to the billet surfaces for quenching the hot section. Previous work [1-4, 6-8, 22, 23] has frequently used general equations to simulate heat removal in the sprayed areas as a function of a coefficient (h), despite these equations took in account evaluations or averaged values of the surface temperatures. Consequently, these equations could not be a) b) used for a different CCM or different casting conditions. Some authors [24] [25] [26] [27] tried to improve this initial approach defining independently different equations for each segment. Although it was hoped that they would deliver a better approach, these refinements have not provided a considerable improvement as expected. A pioneer work [28] [29] [30] [31] was developed to evaluate heat removal in sprayed areas by interchanging physical mechanisms. Unfortunately due to limited computational capacities and undeveloped programming techniques, these models were developed slowly. The numerical simulator developed for this work calculates every geometrical setup and displays a virtual sketch of the CCM using Eqs. (9) to (14). Then, according to the operating conditions, Eqs. (15) to (22) are used to calculate heat flux removal on the SCS and the free zone.
The calculation begins solving Eq. (9) for the length of the curved zone of the CCM (l c ).
Then, the total length (l tot ) is calculated using Eq. (10); this is the total distance the steel runs along the CCM.
where l mold is the mold length, l SCS is the SCS length, and l free-curved is the free zone on the curved zone. This length is calculated for the CCM designed for billet casting because the SCS is limited to the curved zone. Finally, l free is the length of the final straight zone where the section is driven out. Although l mold is the mold length, l m is the distance that the steel volume runs measured from the meniscus level. This value is adopted as the starting point for the beginning of the simulation. l m is calculated using Eq. (11) and l men is expressed in percentage.
The length of each segment in the SCS is calculated solving Eq. (12) using nested loops.
The length of the SCS is obtained solving Eq. (13), which represents the summation of all the partial segment lengths.
Once all the segment lengths have been calculated, the distance between the sprays is obtained solving Eq. (14), assuming all the sprays are uniformly disposed.
Then the nozzles on each segment are placed solving Eq. (15) . Here, the subindexes spray-1 and ns-1 are used to indicate the distance between the previous spray and the previous segment, respectively. A 4D computational array is used to store all the information about the SCS as is indicated.
SCS [segment][spray][side][data]
Here, the first location is used to recognize the segment, which is numbered from 1 to the number of total segments (ns t ). The second location is used to identify the corresponding spray. This value goes from 1 to the number of sprays in the segment (nsp ns ). The third location is used to identify the billet side using the mentioned numerical code [15, 16, [29] [30] [31] . Symmetrical spray locations are used for casting billets whereas symmetrical water fluxes are also applied for quenching.
Nevertheless, a different configuration is used for casting slabs. Slabs are very large and require intense water flows to avoid surface reheating due to the significantly large liquid steel pool inside the core. Slabs are rectangular sections and special care should be taken to quench broad and narrow faces. Therefore, the inclusion of a matrix location for each side is a useful tool to simulate heat removal.
The fourth location in the array is used as data storage, where there are seven available places for data values of geometrical information and heat removal conditions that can be stored using a numerical code for identification, as follows: Here, the subindexes are also used as references with other variables stored in the 4D computational array. These values are calculated as follows:
The speed of water flow (v w ) is the speed of the water when takes in contact with the surface section and is obtained using Eq. (16) . The length of the sprayed areas is calculated for each segment (ns) and each section face (side) solving Eq. (17) as a function of the distance from the nozzle to the billet surface (d bi-nozzle ) and the shooting angle of the water jet (Ω). 
The comparison algorithm which allows the heat removal conditions being applied is shown in the flowchart of Fig. 7 . The main routine is in the left column. This procedure is repeated for each step time as indicated in the main loop. Then the displacement of the control volume (dr t s ) is calculated. This value is compared with the CCM configuration. If the first sentence is true, it means that the control volume is in the mold. Then the routine shown in Fig. 6 is applied for each side. If this sentence is false, the displacement value is compared with the SCS length. Only if the two sentences are true will means that the control volume is in the SCS. In this case, the routine in the light-shaded area in the middle column is executed. This routine is nested to determine the segment and the exact spray where the control volume is located. A pair of independent loops is run for this purpose. The first of these is used to identify the segment. This loop goes from the first segment (ns = 1) to the total segments (ns = ns t ) and the displacement is compared with every segment length. Then the right segment is taken only if both sentences are verified as true. After this, the second loop is run to find the spray. This loop is executed only for the taken segment and only if the two sentences check true, the right spray is taken. A final sentence is used to know if the control volume is under a sprayed area or not. This procedure is shown in the right dark-shaded column and it is nested within the previous procedure. Figure 8 shows the flowchart of an additional routine that can be nested in the algorithm of Fig. 7 . This routine is executed for slabs in order to apply the appropriate heat removal over narrow and broad faces. Here, each nodal position is compared with the lateral length of the sprayed areas (latspray). As in Fig. 7 , only if both sentences are true, the forced convection algorithm is used.
The CCMs for slabs are more sophisticated than those for billets because of the greater cast steel volumes and of the Figure 9a shows a typical lateral spray arrangement for billets and Fig. 9b shows a lateral array for a slab. The comparison results in the application of different heat removal conditions. If the control volume is under a sprayed area, heat removal is strong and the surface temperature will decrease. If the control volume is under a non-sprayed area, between two spray jets, heat removal is nearly absent and the surface temperature will be increased.
The assumptions for the SCS are the following:
& Water flow rate is constant and invariable. & Water jets are formed only with water and temperature remains always invariable during casting. & The shooting angle (Ω) is constant; consequently, the sprayed areas are geometrically defined. & There is no water stagnation or influence of any other heat removal mechanism. & The angle (θ = 0) is used as a reference for the CCM as shown in Fig. 10a , b. The angle (θ o ) is the angle formed between this reference and the end of the mold. This value is assumed as the starting angle where the first segment of the SCS is placed.
According to the sketches shown in Fig. 10a , c, the CCM are very different as a function of the product to be cast billets or slabs. Figure 10a is with a larger curved zone and more spray segments are used because the steel volumes to be cast are majors than in the CCMs shown in Fig. 10b , c. In contrast, many spray segments and larger curved areas are needed to quench a slab as is shown in Fig. 10d .
Heat removal in free zones
In the CCM, there is a free zone at the end of the SCS where the billets and slabs are driven to be cut. Free zones can be a part of the curved zone or frequently are in the final horizontal zone of the CCM. There are no more devices to remove heat only by radiation; thus, the billet surfaces are reheated due to heat conducted from the inside core. Here, the StephanBoltzmann equation is included and solved. . The two terms in the left are used to indicate that there is a partial solution for the temperature on both axes x and y for the 2D steel volume. The contribution of the third term is zero because heat transfer on the casting direction has been neglected. The solution is also a function of the physical properties and the simulation time, as indicated by the right-hand term. A finite difference method known as the Cranck-Nicholson rule [33, 34] was employed to solve this equation system.
Equation (24) can also be written as Eq. (25) a-c are CCMs for billet with different radius and segments corresponding to the cases 1-3 described in Tables 2, 3 , and 4. d For slabs Fig. 11 General flowchart for calculating heat transfer at each step time discretized element (the pivoting nodes and nearest neighbors). These values can also be replaced by enthalpies to make the same assessment. The interchange is assumed as valid because every temperature value is directly related to the corresponding enthalpy value.
Equation (26) can be easily programmed and solved using a pair of nested loops for every nodal position. The finite difference method is useful due its simplicity and also because Table 1 Sentences for comparison to get the corresponding color for the nodes according to its temperature
Steel is solid 2. T AR1 < T I,J < T AR3 3. T AR3 < T I,J < T sol 4. T sol < T I,J < T liq Steel is in mushy 5. T I,J > T liq Steel is liquid 8 Numerical solution Figure 11 shows the general flowchart that computes the steel thermal behavior. This algorithm is executed at each step time (t + Δt). The external nodes are solved using the corresponding heat removal conditions for each side. Only external nodes are exposed to heat removal. Then the conduction equation is solved for all nodes to calculate the distribution of the internal latent heat. Figure 11 shows the corresponding pair of nested loops used to solve Eq. (26) The general flowchart shown in Fig. 7 is nested in the subroutine in Fig. 11 at the beginning of the process to calculate the external and the internal nodes, respectively.
In order to make a brief overview of the process, the use of every equation is described next:
Equations (1) to (5) are used to explain how the total heat needed to foundry the steel volume was calculated; then the resulted value an enthalpy (H) was assigned to every node; every node will represent an element of the discretized steel.
Equations (6) and (7) are used to explain the calculation of an appropriated step time (Δt) for the simulation.
Equations (8) to (23) are employed to calculate the geometrical configuration of the continuous casting machine and how the boundary conditions for the heat removal are assigned; many of these calculations require of some additional calculation as is described (for example forced convection parameters involved). These equations are solved immediately, the establishment of the boundary conditions has been finished and are calculated only one single time, and the values for the heat removal (q) are stored in a computational array to be applied as a function of the volume of steel position along the CCM at every moment.
Equations (24) and (26) are partial differential equations which show the partial solution of the heat transfer phenomenon analyzed at every step time for every nodal position. In this way, Eq. (26) is an algebraic form of the Eq. 25. Here, the temperatures on every node and the surrounding neighbors are represented; this equation can be programmed to be solved computationally in an algorithm. The influence of the heat removal (q) is assumed as negative due to the heat that is being taken out of the steel on the lateral surfaces; (q) is a function of the CCM configuration and the casting conditions, and thus, Eqs. (8), (22) and (23) are used to establish it and the complete algorithm is described in Figs. 6, 7 , and 8. Table 4 Composition of cast steel (%) 
Graphical tools and algorithms
Computational algorithms were developed in the present work for displaying the obtained results. A graphical user interface (GUI) is executed with the appropriate and logical procedures to display on screen different kinds of graphical information for the steel thermal behavior. These routines were compiled using independent files and algorithms in order to avoid repeating unnecessary code. Line graphs are used to display temperature values for a nodal position. These graphs are displayed using the algorithm of Fig. 12 . Here, the nodal position for the (I) elements is fixed in the middle position of the cast section (I = nI/2) but the nodal positions for the perpendicular axis are a function of the loop for J. The equations shown in the process are solved and the obtained position is graphed on the computer screen. The variables nPixelsx and nPixelsy are established as scales to fit within the computer display. The values of the temperatures T max and T min are assumed as T max = 1600°C and T min = 600°C. These temperatures are considered as the most appropriate upper and lower limits.
Temperature and solidification profiles are displayed in two formats, namely, 2D and 3D. The profiles in the 2D format can be displayed for a longitudinal cut along the casting direction in order to observe the steel thermal behavior and the solidification profiles during simulation.
The algorithm developed for displaying temperature profiles is shown in Fig. 13 . Here, every nodal value is analyzed using the internal loop. nRanges is an integer data type which represents the number of ranges to be used for classifying. The value of each range is previously calculated using Eq. (27) . Then a numerical code is assigned to each range to identify and display the corresponding color on the screen. The internal loops compare each nodal temperature (T I,J ), and only if the two sentences inside are true, the value of the range is taken and displayed on the screen.
In other words, every nodal temperature (T I,J ) is treated as in a searching process for finding the correct color to display the image.
A very similar procedure is used to create the solidification profiles. But five ranges must be defined according to the temperatures (T AR1 , T AR3 , T sol , and T liq ). Then the comparison on the Table 1 must be verified to illustrate the nodal state with a numerical code.
The same nested loops shown in Fig. 13 are used to make the comparison for all the temperature values (T I,J ) with the restrictions indicated using sentences "if," and then the solidification profile is displayed on the screen.
Simulations and analysis
The computational language used to develop the simulator was C++. Nevertheless, the algorithms shown are the logical procedures created and these can be programmed using any other programming language. A GUI was developed to display on the screen different options for the results such as line and pixel graphics.
In order to validate the results obtained with the algorithm developed, a comparison with real temperature values was done. Tables 8, 9 , and 10 show the comparison with the 3 cases described in Tables 2, 3 , and 4. Real temperature values were taken directly in the SCS using a digital pyrometer where available; casting is a dangerous and delicate process reason why only a few zones are accessible during the casting operation. In these tables, the every value measured was averaged from a set of 12 lectures during casting. And the simulated temperatures were saved from the computer simulation. The simulations for cases 1 and 2 can be appreciated on Fig. 14a Tables 8, 9 , and 10. Here, the major differences were in the SCS and in the free zone, all the temperatures in the billet tend to adopt a homogeneous temperature; thus, the variation is minimum. Here, the difference between the simulated and real temperatures (T sim and T real ) was also minimum. Figure 15 shows a lineal graph for a billet cast using a CCM with the configurations described in Table 2 and the operating conditions employed are shown in Table 3 ; steel composition is described in Table 4 and the CCM configuration was previously shown in Fig. 10c , all these correspond for case (3) . The scales in the horizontal axis of Fig. 15 refer to the steel control volume advance and its position along the curved zone. The meniscus level for the billet cast is slightly above the reference line of the CCM for the angle (θ = 0), that is why this graph starts before the horizontal position of the CCM. Here, a continuous decrement on surface temperature can be observed on the mold because the heat is removed along the mold walls. Different heat removal conditions can be appreciated on the SCS. The influence of the water spray jets distribution is noted here; in the first segment, the jets are very close and non-sprayed areas are nearly absent. In segments 2 and 3, there are long non-sprayed areas and surface reheating can be appreciated. A final surface reheating at the end of the SCS is due to latent heat flowing out inside the core. Reheating continues until a maximum temperature is reached and then it decreases slowly. In Fig. 15 , the surface temperature variation is large due to the intense heat removal and long non-sprayed areas. Nevertheless, the variation is small inside the billet core and the temperature curves are closed and continuous due to the conduction of heat inside the billet. The change on the graph slopes inside the core is due to temperature transformations from liquid to mushy and from mushy to solid. Finally, all temperatures tend to a unique value at the end due to latent heat distribution coming from inside the core. It is important to mention that the theoretical description for the billet surface temperatures (dark blue line (0 cm)) agrees well with the experimental temperature recorded on real billets, measured with the aid of a pyrometer. Figure 16 shows the graph for a slab cast with the graphical configuration described in Table 5 . The CCM was previously shown in Fig. 10d ; for slabs, due to the CCM complexity, Tables 6 and 7 are used to describe the SCS configuration and the heat removal conditions for the sprayed segments on the curved and straight zones, respectively. The values of the Fig. 16 Comparison between surface temperature on the broad and narrow faces of a slab shooting angle (Ω) and the sprays are referred to the casting direction (the narrow faces: left and right). The graphs shown in Fig. 16 are only for the surface temperature using a casting speed (1.00 m/min), and a comparison between broad and narrow faces is performed to note that the narrow surfaces remain always cooler than broad surfaces. The scale on the horizontal axis shows that this simulation was made for the entire CCM. The simulator developed solves a 2D model for the steel volume. As a result, only one control volume is declared and used during the calculation of the steel thermal behavior. The interaction between other steel volumes, along the casting direction, is ignored because its contribution is consider as minor when in comparison with heat removal on billet lateral surfaces. Nevertheless, 3D profiles can be created using the temperature values at every moment (T t I,J ) as is shown in Figs. 17 and 18 . These profiles are built dynamically during simulation, taking and displaying the actual and latest values before these are updated. Moreover, the use of 3D models for solving heat removal is not advisable due to longer computing times and the need of huge amounts of computer memory and data space for declaring each new array. Moreover, the final temperature values calculated from 3D model are so similar with those obtained with the 2D model (only 5.25°C a) b) Fig. 17 Influence of the casting speed on the steel thermal behavior for a cast billet. a Temperature profile. b Solidification profile Fig. 18 Influence of the casting speed on the temperature profiles for a cast slab maximum variation in a temperature scale of 1500°C is only a 0.35%). Thus, the computational efforts are not absolutely required. This difference was obtained after a heat removal calculation of a squared steel billet form (114 × 114 mm), using a squared mesh with 100 × 100 nodes which was cast in a CCM at 2.25 m/min. This difference was calculated with the average temperature on all the used nodes at the end of the running just below the cutter flame. In other words, 5.25°C is the maximum difference between 2D and 3D models on every node of the frontal steel billet view. The averaged error between 2D and 3D model was 3.75°C for the three cases simulated on this work. Figures 17 and 18 show the influence of the casting speed on heat removal. It is possible to see that for slow casting speeds, heat removal is more intense, because the control volume remains longer times inside the mold and under the sprayed areas of the SCS. Hence, the probability of surface reheating is reduced. The billet simulated in these figures has 125 × 125 mm. A squared mesh with identical elements (100 × 100) was used for discretization of the billet. Times between 245 and 325 s are required for the simulation along the entire CCM; thus, it can be consider as a very quick response. Figure 17a , b shows the temperature and 3D solidification profiles calculated for the entire run in the CCM for case 3. The profiles are showing the cast section with an internal cut to appreciate the thermal behavior inside the core; scales were adapted for a better view and flat un-curved display was also preferred. Here, the increment on surface reheating can also be appreciated as a function of the casting speed. In contrast, the solidification front is delayed as the casting speed is increased.
The solidification profiles for a slab, shown in Fig. 18 , are indeed different to those for billets, due to the geometrical form of the cast section (rectangular and larger). Here, a large liquid steel pool remains for a long time inside the slab core. There is a final solidification time when a flat liquid front becomes to mushy state and other when mushy becomes to solid. Slabs are cast slowly in comparison with billets. The slab size simulated was a rectangular section (200 × 1600 mm). A mesh with rectangular elements was used for discretization it. The used mesh includes (50 × 500) nonsquared nodes. Here, the values of the discretization elements Δx and Δy are not equal due to the slab narrow and wide sides. Although Eqs. (2) to (7) can be solved independently to obtain an appropriate step time (Δt) for slabs, the use of a squared mesh where Δx = Δy is desirable. A mesh with 10,000 nodes provides a very good approach for the steel thermal behavior for a small size squared billet. In the other hand, the mesh with 25,000 nodes provides an acceptable approach for slabs; nevertheless, the use of a finer mesh is recommended to obtain better approached results for slab analysis cases (Tables 8, 9 , and 10). Figure 19a , b shows the steel thermal behavior for a slab on the narrow and broad faces, respectively. Here, the influence of the casting speed is evident. Narrow faces remain always cooler than broad ones due to the fact that heat removal is applied on a small surface. These graphs can be used to identify possible reheating under certain heat removal conditions if the surface temperature is increased at the end of the mold. Here, fluctuations on the narrow faces due to quenching and reheating in SCS are greater than those in the broad faces. The 11 sprays in the first segment of SCS efficiently quench the narrow faces although a light reheating occurs in the broad faces.
a) b)
Fig . 19 Influence of the casting speed on the surface temperature for a slab. a Narrow faces. b Broad faces 
Conclusions
A novel computer simulator to analyze heat removal during steel continuous casting was developed. The computational algorithms developed are efficient and helpful and provide adequate and logical tools for users and designers. The nested loops and the inclusion of routines provide the system with fast response tools.
A simulation using a mesh with 100 × 100 nodes for a squared billet section using a CCM 25 m total length delays 3 min due to many unnecessary operations has been performed; thus, the algorithm can be consider as efficient.
The graphical routines are a powerful tool for displaying results.
Computer simulations are very important to predict industrial parameters, and computational tools for displaying results can provide different points of view.
According to the performed simulations, heat removal conditions used in industrial trials are appropriate to guarantee safety conditions. However, faster casting speeds are desirable to increase production on strands, and calculations about the steel thermal behavior must be performed. In the same way, simulations must be done for different billet sizes and considering every caster conditions.
The algorithm and computational tools developed allow obtaining a quick response about the steel thermal behavior with a minor quantity of computational resources; moreover, these tools and algorithms can also be used for billets and slabs.
The nodes used to discretize the broad faces of the slabs must be increment proportionally to create finer meshes and to warrant a good approach.
According to the simulations done in the present work, the continuous casting speed can be increased using the casting conditions defined in order to increment the production and reduce the production time.
The quench over the broad face on the slabs is critical due to surface reheating that is more intense than in narrow faces.
The simulation techniques used can generate a 3D view of the steel sections without the use of huge memory resources; furthermore, this option can be used to show the influence of the casting speed on the steel thermal behavior.
Slabs require more intense heat removal conditions due to bigger dimensions; moreover, slabs also are more delicate cares due to the big volume of unsolidified steel inside the core.
